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We propose a realistic protocol for the preparation and readout of mechanical Bell states in
an optomechanical system. The proposal relies on parameters characterizing a photonic crystal
cavity mode, coupled to two localized flexural modes of the structure, but equally applies to other
optomechanical systems in the same parameter range. The nonclassical states are heralded via
optical postselection and revealed in specific interference patterns characterizing the emission at the
cavity frequency.
PACS numbers: 42.50.Wk, 03.67.Bg, 42.50.Dv, 42.70.Qs
Entanglement is the most distinctive feature of quan-
tum mechanics [1], and represents the essential resource
for quantum information processing [2]. One of the most
striking predictions of quantum theory is that entangle-
ment may exist up to the macroscopic realm. In real-
ity, the entanglement of systems with several degrees of
freedom is countered by fast interaction with the envi-
ronment, and the deepest essence of such decoherence
process has not yet been unraveled. Experiments along
this line might clarify the mechanisms underlying de-
coherence, or even hint at a fundamental restriction of
the quantum predictions, that would define a quantum-
classical boundary. Within a more applied perspective,
entanglement at the macroscopic scale – especially in in-
tegrated solid-state microstructures – will be required for
quantum information storage and communication [2, 3].
Recently, several groundbreaking experiments have suc-
ceeded in producing entanglement of macroscopic de-
grees of freedom, involving ultracold atoms [4–6], pho-
tons [7, 8], and collective electronic excitations [9].
A promising route to macroscopic entanglement is op-
tomechanics [10–13]. In an optomechanical system, elec-
tromagnetic modes of an optical cavity are coupled to one
or more mechanical oscillators via radiation pressure and
mechanical backaction. Several theoretical studies have
suggested the generation nonclassical mechanical states
[14–18], and more specifically entangled states of two me-
chanical modes [19–27]. Recently, an entangled state of
optical phonons of two distant bulk diamond crystals has
been produced and detected [28].
Here, we demonstrate a full protocol for heralded en-
tanglement generation and readout of two mechanical
modes in a realistic optomechanical system. The protocol
is specifically studied having in mind two localized flexu-
ral modes of a L3 photonic crystal cavity, for which signif-
icant optomechanical coupling strengths and close-valued
mechanical frequencies have been demonstrated [29]. Sil-
icon photonic crystal cavities are increasingly considered
as an ideal building block of an integrated technological
platform for quantum photonics, and the present proto-
col might indicate a way to the generation and storage of
quantum information. It can however equally be applied
to other optomechanical systems for which the state-of-
the-art parameters, such as mechanical quality factor and
optomechanical coupling, are steadily improving [30–36].
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FIG. 1. (a) Schematic representation of the system: Single
mode cavity coupled to 2 mechanical modes and driven by
pulsed excitations. The emission is collected through a nar-
row band detector d. (b) Cavity (blue) and detector (red)
power spectrum. The cyan (magenta) curves show the write
(readout) pulse (not on scale).
We consider the system sketched in Fig.1(a) composed
of an optical cavity with a mode (aˆ operator) resonant at
frequency ωc, optomechanically coupled to two harmonic
mechanical modes (bˆ1,2 operators) of resonant frequencies
Ω1,2. The system Hamiltonian reads
Hˆs = ~ωcaˆ†aˆ+
∑
j=1,2
[
~Ωj bˆ†j bˆj − gj aˆ†aˆ
(
bˆ†j + bˆj
)]
+ F (t) aˆ† + F ∗ (t) aˆ . (1)
Here, g1,2 are the single-photon optomechanical coupling
constants, and the cavity is driven by a classical field
F (t). We assume parameters in the range of those mea-
sured in Ref.[29], i.e. Ω1/2pi = 700 MHz, Ω2/2pi =
980 MHz, g1/2pi = 72 kHz, g2/2pi = 84 kHz, and mechan-
ical loss rates γ1/2pi = 4.4 MHz and γ2/2pi = 5.4 MHz.
In that work, both optical and mechanical modes were
thoroughly characterized both theoretically and experi-
mentally, while a general model of the optomechanical
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2coupling g in photonic crystals has been derived in Ref.
[37]. Selective Stokes and anti-Stokes driving however
requires the system to be in the well resolved sideband
limit. Hence, we propose the use of a last-generation sil-
icon L3 photonic crystal cavity, for which quality factors
up to two millions were recently predicted and measured
[38, 39]. We therefore assume ωc/2pi = 194 THz, cor-
responding to λ = 1550 nm, and an optical loss rate
κ/2pi = 200 MHz i.e. a quality factor Q ' 106. This
value, conservative if compared to those measured in Ref.
[38], should also account for additional leakage caused by
a near-field optical detection scheme [32]. Fig.1(b) shows
the computed optical spectrum (blue curve) consisting
of the main cavity resonance, and two pairs of sidebands
associated to Stokes and anti-Stokes processes.
Before presenting the details of the protocol, let us
illustrate its general principle through a simplified anal-
ysis based on pure states: We denote by |nc, n1, n2〉 the
number state with nc photons and, respectively, n1 and
n2 quanta in the first and second mechanical mode. We
assume that the system is initially in its vacuum state
|ψ0〉 = |000〉. The writing phase consists in driving the
cavity with a weak optical pulse resonant with the two
sidebands, as sketched in Fig.1(b). Two Stokes processes
will take place, each leaving a phonon in a mechanical
mode and a photon in the cavity mode. For a weak
enough pulse, the dominant terms in the final state will
be the vacuum, followed by the state with one photon,
i.e. |ψ1〉 = α1|000〉+ β1|1c〉
(|10〉+ eiφs |01〉)+ . . ., where
φs is a phase, that characterizes the coherent superposi-
tion of the two Raman processes. After the writing pulse
has fully decayed, the heralding is performed by detecting
the emission spectrally filtered at ωc. If a photon is de-
tected, then the vacuum component is projected out giv-
ing the state |ψ2〉 = β2|0c〉
(|10〉+ eiφ(t)|01〉)+ . . ., where
the phase φ(t) = φs−(Ω2−Ω1)t evolves due to the nonde-
generacy of the two mechanical modes. In the limit where
higher-occupation states have negligible amplitudes, this
is a maximally entangled state of the two mechanical
modes. Conditioned to the detection of a heralding pho-
ton, a readout is performed by driving the system with a
second optical pulse resonant with the two anti-Stokes
sidebands, as sketched in Fig. 1(b) (red curve). As
for the writing phase, a coherent superposition of two
anti-Stokes processes will bring the system to the state
|ψ3〉 = α3(1+eiφ′(t))|1c00〉+β3|0c〉(|10〉+eiφ(t)|01〉)+. . .,
where φ′(t) = φ(t) +φas accounts, as above, for the rela-
tive phase of the two anti-Stokes processes. If emission at
ωc is again detected, after the readout pulse decayed, the
emitted intensity will be I ∝ |1 + eiφ′(t)|2, i.e. it will dis-
play a full-contrast interference pattern as a function of
the photon detection time. If instead one has a fully sep-
arable state |ψ2〉 = β2|0c〉
(|0〉+ eiφ1 |1〉) (|0〉+ eiφ2 |1〉),
then the visibility will be limited to 50% [40].
This protocol follows in the footsteps of the procedure
proposed in Refs.[16, 18] to produce a mechanical Fock
state. Similarly to other schemes studied in the past,
[20, 28] it is based on the original DLCZ proposal [3] for
entangling atomic ensembles. An important distinctive
feature of the present proposal however, is that the light
emitted by the two Stokes processes must not be mixed
in a beam-splitter to erase the which-path information,
as the two processes emit directly into the same mode.
The interference pattern in the emitted light is not
in itself an entanglement witness. In particular, a sim-
ilar interference pattern might arise from classical field
amplitudes, provided they have the right mutual phase
relation. However – similarly to seminal quantum optics
experiments [41, 42] – an interference pattern, combined
with the knowledge that the average mode occupation
fulfils 〈nˆ〉  1, is a solid indication of the occurrence of
a nonclassical state. Alternatively, a full quantum to-
mography of the mechanical state might in principle be
carried out by sending a readout pulse at ωc and detect-
ing Raman photons at the two Stokes sidebands. The
very low readout signal expected for this process however
would pose a severe challenge for correlation measure-
ments, highlighting the advantage of the simple readout
scheme suggested here.
The Model.— The model considered here is based on
Hamiltonian (1) where the driving field is characterized
by two pulsed excitations F (t) = FW (t) + FR(t) where
Fj(t) = Aje
−(t−tj)2/σ2j e−iωjt, j = W,R (2)
respectively for the write and readout procedures. Here,
ωj , tj , σj , and Aj are the frequency, time, bandwidth,
and amplitude, respectively for the two pulses.
The protocol relies on photon detection spectrally fil-
tered at the cavity frequency ωc. A computationally very
effective way to model spectral filtering consists in intro-
ducing an additional mode, representing the degrees of
freedom of the narrow-band detector [43]. Its Hamilto-
nian is expressed as Hˆd = ~ωddˆ†dˆ, and the frequency
ωd and damping rate κd define the frequency and pass-
band of the filter [see red curve in Fig. 1(b)]. The global
Hamiltonian reads Hˆ = Hˆs + Hˆd.
In presence of coupling to the environment, the sys-
tem dynamics is governed by the master equation for the
density matrix, which in the Lindblad form [44] reads
dρˆ
dt
=− i
[
Hˆ, ρˆ
]
− κ
2
D [aˆ] ρˆ− κd
2
D
[
dˆ
]
ρˆ+
ζ
2
D
[
aˆ, dˆ
]
ρˆ
− n¯th
∑
j
γj
2
D
[
bˆj
]
ρˆ− (n¯th + 1) γj
2
D
[
bˆ†j
]
ρˆ . (3)
Here, D [oˆ] ρˆ = oˆ†oˆρˆ + ρˆoˆ†oˆ − 2oˆρˆoˆ† describe the cou-
pling to the environment at rates κ, κd and γj for
the cavity, detector and mechanical modes respectively.
n¯th = [exp(Ω/kBT ) − 1]−1 is the mean thermal phonon
number associated to a mechanical frequency Ω. Con-
trarily to Ref.[43], we assume here a dissipative, thus
irreversible, cavity-to-detector coupling, described by
3D[aˆ, dˆ]ρˆ = [aˆρˆ, dˆ†] + [dˆρˆ, aˆ†]. This approach prevents any
unwanted coherent oscillations between the two modes
and therefore allows to consider an arbitrary coupling
strength ζ. From now on, we shall consider ωd = ωc and
κd = ζ = 0.1κ.
Equation (2) was solved numerically: For the write
phase, a finite dimensional Hilbert space, restricted to
a maximum number of quanta for each mode, was as-
sumed. The readout phase is characterized by a sig-
nificantly stronger driving field. Hence, each field was
decomposed into the sum of a classical and a quantum
fluctuation component. For the cavity field we define
aˆ = 〈aˆ〉+ δaˆ, and analogously for the other fields [40].
Write.— The write step starts with the arrival of the
first pulse, FW (t). We set the parameters to AW = 2.5κ –
low enough to ensure a negligible two photon occupation
– tW = 50 ns, σW = 12.5 ns and ωW = ωc + (Ω1 +
Ω2)/2 which allows the simultaneous excitation of both
Stokes sidebands. The cavity, mechanical, and detector
average occupations nc(t) = 〈a†a〉, nbj(t) = 〈b†jbj〉 and
nd(t) = 〈d†d〉 are plotted in Fig.2(a), assuming that the
heralding photon has not been detected. The plot shows
that, after the writing pulse, a small average occupation
of the mechanical modes is produced through a Stokes
Raman process, and then decays as a result of mechanical
damping.
The second step of the write procedure consists in
heralding the formation of an entangled state, through
the detection at time tP > tW of a photon at the cavity
frequency ωc. This projects the system onto the subspace
where one photon is present in the detector mode, i.e.
ρˆP =
Pˆ1ρˆ (tP ) Pˆ−11
Tr
[
Pˆ1ρˆ (tP )
] , (4)
Pˆ1 = Iˆaˆ ⊗ Iˆbˆ1 ⊗ Iˆbˆ2 ⊗
∣∣1dˆ〉〈1dˆ| (5)
where Iˆaˆ and Iˆbˆj are the identity operators acting on the
cavity and mirror subspaces respectively.
∣∣1dˆ〉 is the one-
photon Fock state of the detector.
To characterize mechanical entanglement, we adopt
the concurrence C as an entanglement witness [1, 45, 46],
which is traditionally defined for a (2 × 2)-dimensional
mixed state but extends to higher-dimensional states [45].
Maximal entanglement – as in a pure Bell state – is char-
acterized by C = 1, while C = 0 denotes a fully sepa-
rable state. The concurrence, computed on the reduced
mechanical density operator ρˆm = Traˆ,dˆ[ρˆP ], is plotted in
Fig.2(b) as a function of tP . It reaches a maximal value
C > 0.9 at tP = 83 ns shortly following the formation of a
phonon occupation, highlighted by a vertical dashed line
in Figs.2(a),(b). C decays as a function of the heralding
time tP according to the mechanical damping rate. In
Figs.2(c),(d) we plot histograms of the real and imagi-
nary parts of ρˆm restricted to the {|00〉, |01〉, |10〉, |11〉}
basis, as computed at the heralding time where C is max-
imum. The resemblance to an ideal Bell state emphasizes
the nature of the entangled mechanical state. The max-
imal value of C occurs when nc ∼ 10−7 [40]. Given the
cavity decay rate, this corresponds to an entanglement
heralding rate exceeding 100 s−1.
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FIG. 2. (a) Average occupations of the cavity (blue line),
detector (red line) and mechanical (yellow and purple lines)
modes as a function of time. (b) Concurrence C of ρˆm as
a function of tP = t. The vertical dashed line in (a) and
(b) marks the concurrence maximum, occurring at tP = 83
ns. (c) Real and (d) imaginary parts of ρˆm, computed at the
concurrence maximum.
Readout — Readout is accomplished by the second
pulse FR(t). We take AR = 150κ, σR = 17.5 ns,
ωR = ωc − (Ω1 + Ω2)/2, and tR > tP . On a first anal-
ysis of the protocol, we set the readout pulse amplitude
so that 〈bˆj〉  1. This is to avoid the onset of a large,
classical mechanical field amplitude that might produce
the final interference pattern in the detector even in the
absence of entanglement. Figs.3(a),(b) show respectively
the classical field and the corresponding quantum fluctu-
ation intensities as a function of time for a typical read-
out process. The classical components to the mechani-
cal fields are negligible compared to the fluctuation part
originally created by the heralding. Same holds for the
detector field. In Fig.3(c), the intensity at the detector
is plotted as a function of the real and readout times.
After a first strong signal originating from the classical
field created in the cavity by the readout pulse, the actual
anti-Stokes signal is left, and a clear interference pattern
is observed as a function of tR, which is the signature of
entanglement between the two mechanical modes. As-
suming the pure state |ψ2〉 = β2|0c〉
(|10〉+ eiφ(t)|01〉),
i.e. in the ideal case where the |00〉 component vanishes
and higher phonon occupations are negligible, the visi-
bility and concurrence are linked via V = C/(2− C). A
4similar interference pattern is present in the zero delay
two-photon correlation g(2)(0) = 〈dˆ†dˆ†dˆdˆ〉/〈dˆ†dˆ〉2 [40],
highlighting the nonclassicality associated with the in-
terferences. Fig.3(d) shows the normalized interference
pattern, taken along the oblique dashed line of panel
(c). The intensity at the detector (red) has a visibility
V = 0.97, while the intracavity field shows a lower visi-
bility, V = 0.82, due to the fact that the projection (4)
is carried out at the detector, thus leaving a finite com-
ponent in the state with nc > 1. The black curve shows
the interference pattern at the detector when assuming a
fully separable state as the initial condition of the read-
out phase. Its visibility V ' 0.5 sets the lower bound for
the existence of entanglement. Fig.3(b) shows that the
rate of emitted photons after the readout pulse is very
low. This, combined with the heralding rate, results in
an extremely low success rate for the whole write-readout
protocol. This rate would obviously increase with the
magnitude of the optomechanical coupling. Another pos-
sibility consists in increasing the intensity of both write
and readout pulses. For the write pulse, care must be
taken to keep the amplitude of the components with two
and higher number of mechanical quanta negligible. A
stronger readout pulse instead will induce a transient
classical field amplitude of the mechanical modes, ex-
ceeding quantum fluctuations. Simulations [40] however
show that this amplitude decays rapidly with the read-
out pulse, and the mechanical Bell state is eventually
restored, similarly to recent experimental protocols on
micro-macro entanglement [7].
In summary, a single run of the protocol consists in
driving the system with the write and readout pulses at
given tW < tR. Only runs where a heralding photon is
detected at tP < tR are kept. Then the emitted intensity,
filtered around ωc, is then recorded at t > tP . This
signal contributes to a horizontal cut of the 3-D plot in
Fig. 3(c). Each run will be characterized by a random
heralding time tP . In order to reproduce the data in
Fig. 3(c), the signal should be integrated over several
runs to achieve sufficient signal-to-noise ratio. Finally,
to maximize entanglement, only runs where tP falls in a
given time window (see Fig. 2(b)) should be retained.
Temperature and pure dephasing.— We have studied
the influence of a finite thermal occupation of the two
mechanical modes. Both the visibility V and the concur-
rence C preserve values exceeding 0.7 up to n¯th = 0.1,
corresponding to a temperature of roughly T = 4 mK.
This temperature might be obtained by a cycle of laser
cooling prior to the actual writing step, thanks to the
well resolved sideband limit.[18]
Finally, entanglement can be suppressed by decoher-
ence. Here, we study the effect of pure dephasing acting
on the optical degree of freedom, described by a term
−η/2D [aˆ†aˆ] ρˆ added to Eq.(2). The main source of pure
dephasing should be optomechanical coupling to other
mechanical modes. The pure dephasing rate for a sin-
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FIG. 3. Readout procedure: (a) Classical and (b) quantum
fluctuation contributions to the average occupation of the cav-
ity (blue line), detector (red line), and mechanical (yellow and
purple lines) modes. (c) Total intensity nd = 〈dˆ†dˆ〉 at the
detector, computed versus the real and readout times. The
horizontal dashed line corresponds to the evolution shown in
(a) and (b). (d) Interference pattern along the cut denoted
by an oblique dashed line in panel (c). The interference pat-
tern at the detector displays the highest visibility (V = 0.97,
red line), as compared to the cavity field (V = 0.82, blue line)
and the detector signal from a fully separable state (V = 0.49,
thin black line).
gle mechanical mode with frequency Ω, damping rate γ,
and coupling g is estimated by η ∼ (g/Ω)2(2n¯th + 1)γ
[40, 47]. Assuming T = 4 K, and the parameters mea-
sured in Ref.[29], a conservative upper bound to the to-
tal pure dephasing rate is η < 10−7κ. In this range, the
computed values of C and V stay well above 0.5. An
analysis of the entanglement as a function of n¯th and η
is presented in the Supplemental Material [40].
Conclusion — We have proposed a realistic proto-
col for the preparation and readout of mechanical Bell
states in a silicon photonic crystal cavity. The cavity
quality factor, mechanical mode frequencies, mechani-
cal damping rates and optomechanical coupling strengths
all correspond to experimentally demonstrated values
for a state-of-the-art system of this kind. The proto-
col assumes optical cooling of the mechanical modes well
within the accessible range, and entanglement is shown
to survive the pure dephasing rate expected for this sys-
tem. The present analysis thus represents a realistic
and detailed proposal for an experiment where macro-
scopic entanglement of two acoustic vibrational modes of
a semiconductor microstructure would be produced and
detected. Generation of spatially overlapping entangled
5states at the macroscopic scale holds promise for appli-
cations such as quantum state engineering and quantum
memories [48]. An extension of the present analysis to
several mechanical modes or multiple write pulses, might
indicate the way to the generation of more complex non-
classical states such as GHZ [49] or NOON [50] states.
We are grateful to T. Kippenberg and C. Galland for
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6Supplemental Material
We detail here the semiclassical model deployed for readout procedure. We provide some additional information on
the second order correlation function during readout, demonstrating the single photon emission, and on the impact of
temperature and pure dephasing. We discuss the potential improvement of the single photon emission rates. Finally
we provide some analytical expressions linking the fringes visibility to the mechanical concurrence.
READOUT SEMICLASSICAL MODEL
The readout procedure was modeled by distinguishing
the quantum fluctuations δaˆ, δdˆ and δbˆj from the classi-
cal field amplitudes α = 〈aˆ〉, δ = 〈dˆ〉 and βj = 〈bˆj〉. More
specifically, the total fields are expressed as aˆ = α + δaˆ,
dˆ = δ + δdˆ and bˆj = βj + δbˆj . This procedure allows
modeling the effect of a large amplitude of the driving
field, as assumed in the readout phase. An intense driv-
ing field typically induces large average occupations of
the modes under study. Of these, only a small part is
contributed from quantum fluctuations, while the largest
part is accounted for by the classical-field-component,
similarly to the textbook case of a displaced quantum
oscillator. Hence, the separation into the two contribu-
tions makes the numerical analysis possible while still re-
stricting the Hilbert space to a reasonably small number
of fluctuation quanta. In such a displaced representa-
tion, where the classical fields act as the new vacuum,
the system Hamiltonian reads
Hˆ =
∑
j=1,2

2gjRe (βj) aˆ
†aˆ+ ~Ωj bˆ†j bˆj
+gj
(
α∗aˆ+ αaˆ†
) (
bˆ†j + bˆj
)
+gj aˆ
†aˆ
(
bˆ†j + bˆj
)
 (1)
where we have simplified the notations as δoˆ → oˆ. Note
that contrary to the usual linearisation procedure we keep
here terms of all orders in Hˆ [51]. The quantum fluctua-
tions dynamics is governed by the master equation
dρˆ
dt
=− i
[
Hˆ, ρˆ
]
− κ
2
D [aˆ] ρˆ− κd
2
D
[
dˆ
]
ρˆ+
ζ
2
D
[
aˆ, dˆ
]
ρˆ
− n¯th
∑
j
γj
2
D
[
bˆj
]
ρˆ− (n¯th + 1)D
[
bˆ†j
]
ρˆ . (2)
that is coupled the time-evolution equations for the clas-
sical field components
iα˙ = −iκ
2
α+ 2α
∑
j=1,2
gjRe (βj) + F (t) (3)
iβ˙j =
(
~Ωj − iγj
2
)
βj + gj |α|2 (4)
iδ˙ = −iκd
2
δ + i
ζ
2
α (5)
We assume the projected mechanical density matrix ρˆm,
occurring in the write phase at the time where the con-
currence is maximal [see Fig.2(b)], as the initial condition
for the dynamics in the readout phase. In this frame-
work, the total average occupation of the cavity mode
for example is evaluated as nc = 〈aˆ†aˆ〉+ |α|2, and similar
expressions hold for the other modes.
SECOND ORDER CORRELATIONS
We show in Fig.S1(a),(b) the second order correlation
functions at zero delay versus time of the cavity and de-
tector fields, respectively defined as
g(2)c (t, t) =
〈aˆ†aˆ†aˆaˆ〉
〈aˆ†aˆ〉2
, g
(2)
d (t, t) =
〈dˆ†dˆ†dˆdˆ〉
〈dˆ†dˆ〉2
(6)
along the oblique cut highlighted in Fig.3(c). Here, the
operators encompass the total classical and fluctuation
contributions. We have superimposed the normalized
intensity (blue line) and we clearly see the strong an-
tibunching obtained at the intensity maximum. This
antibunching is the signature of the emission of single
photons as a result of the anti-Stokes raman process that
destroys the mechanical Bell state as a result of the read-
out pulse.
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Fig.S 1. (Color online). Second order correlation at zero
delay (red curves) and normalised intensity IS (blue curves)
along the oblique cut of Fig.3(c) for (a) the cavity and (b) the
detector fields.
IMPACT OF TEMPERATURE AND PURE
DEPHASING
We have analyzed the impact of a finite temperature
on the concurrence of the entangled mechanical states
and on the fringes visibility. The results are presented
in Fig.S2(a). We obtain C ' 0.7 at n¯th = 0.1, which
7correspond to typical temperatures attainable with side-
band cooling [18]. We clearly see the correlation between
the visibility and the concurrence versus n¯th. Indeed,
the contribution of the mechanical Fock states with more
that one quantum increases with temperature. It results
in a larger matrix element of the |11〉〈11| component of
ρˆm which, as suggested in the main text, reduces entan-
glement and the fringe visibility.
Finally, in Ref.[29], at least four extra mechanical
modes were shown to exhibit a non-negligible optome-
chanical coupling to the cavity. These modes form side-
bands that are spectrally unresolved from the main cav-
ity line, and induce pure dephasing of the cavity mode.
This can be taken into account adding a pure dephas-
ing Linblad term −η/2D [aˆ†aˆ] ρˆ to the master equation.
An estimation of η can be made [47], accounting for the
collective effect of all other mechanical modes, according
to
η =
∑
j
(n¯j,th + 1) γj
g2j
Ω2j
(7)
where j runs over all extra mechanical modes and n¯j,th =
1/[exp(~Ωj/kBT )− 1]. Assuming an average mechanical
quality factor of Q = 400 and the frequency and optome-
chanical coupling parameters measured in Ref. [29], we
obtain an upper boundary as small as η ' 10−7 for a
bath temperature of T = 1K. The impact on the con-
currence and visibility are reported in Fig.S2(b) for η
spanning several decades. We see that the concurrence
drops faster than the fringes visibility. Indeed, pure de-
phasing mostly affects the photon/phonon correlations
and therefore the projection efficiency during the write
procedure. It translates into an increase in the |00〉〈00|
element of the reduced mechanical density matrix ρˆm af-
ter the heralding.
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Fig.S 2. (Color online). Impact of finite thermal phonon oc-
cupation (a) and pure dephasing rate (b) on the concurrence
C (blue bars) and fringe visibility V (yellow bars).
EMISSION RATES IMPROVEMENT
Here, we discuss possible ways to increase the rate of
successful heralding/readout events in the protocol. The
discussion is developed separately for the write and read-
out phases:
Write — In Fig.2(a),(b) we have seen that during the
write procedure, the maximum concurrence is obtained
at a time where the average cavity occupation is of the
order of 10−7, which in turn sets the heralding efficiency.
The heralding rate could be improved with a larger op-
tomechanical coupling (which would induce a faster cav-
ity/mechanical correlation time) or by increasing the in-
tensity of the write pulse. In the latter case, one has
to keep in mind that a limit is set by the requirement
that the density matrix elements relative to states with
two or more mechanical quanta be negligible compared
to the elements relative to states with zero or one quan-
tum. The parameters used in our simulations correspond
to a situation largely within this boundary, and therefore
leave considerable room for improvement.
A third possibility is to compromise to a lower value
of the concurrence. As seen in Figs.2(a) and (b) of the
main manuscript, if for example a concurrence C = 0.1 is
accepted, such a value occurs at earlier heralding times,
where the average cavity occupation is about 2 × 10−3.
This is highlighted in the Fig.S3(a) showing the cavity
occupation nc(t) versus C(t).
Readout — In Fig.3(a),(b) of the main manuscript,
the emission rate of single readout photons in the region
where the fluctuations are dominating, turns out to be
of the order of 10−9, i.e. corresponding to an exceed-
ingly low readout rate when combined to the heralding
rate. The associated parameters where chosen in order
to keep the classical contribution to the phonon fields
negligible. We have however investigated larger pump
amplitude regimes where the classical contribution to
the phonon fields dominates over the fluctuations. In
Figs.S3(b), (c), and (d) we have used a pump amplitude
of AR = 5000κ while all the other parameters where left
unchanged. The interference fringes shown in panel (b)
are still marked and the fluctuation contribution to the
average occupations (panel (d)) reaches 2 × 10−4. We
have verified that, while a large classical component to
the mechanical fields develops (see panel (c)), the net
effect of such component is simply to displace the me-
chanical Bell state temporarily. Once the readout pulse
has decayed, this classical component also vanishes and
the mechanical mode evolves back into the Bell state.
Note finally that, for such strong readout field intensity,
the system approaches the strong optomechanical cou-
pling regime, corresponding to gjα ∼ κ, and mechanical
backaction on the cavity field becomes sizeable, as one
can see in the panel (d).
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Fig.S 3. (a) Average cavity occupation versus concurrence
corresponding to the evolution of Fig.2(a),(b) of the main
text. The dashed lines highlight the C maximum. Classical
(c) and fluctuation (d) contributions to the field intensity dur-
ing the readout procedure for AR = 5000κ. (b) Correspond-
ing interference fringes (blue curve V = 0.7) and second order
correlation at zero delay of the detector mode.
VISIBILITY AND CONCURRENCE
We derive here analytical expressions linking the visi-
bility to the concurrence, in the simple case where a pure
state is assumed.
Visibility.— Let us consider the following state charac-
terizing the system immediately after the write procedure
(i.e. after the heralding photon has been detected)
|ψW 〉 = |0c〉 (c00 |00〉+ c10 |10〉+ c01 |01〉+ c11 |11〉)
(8)
where cij are complex coefficients fulfilling the normal-
ization condition |c00|2 + |c01|2 + |c10|2 + |c11|2 = 1 . The
readout procedure based on anti-Stokes processes ideally
corresponds to the time-evolution induced by the Hamil-
tonian HˆR = aˆ†
(
bˆ1 + bˆ2
)
+aˆ
(
bˆ†1 + bˆ
†
2
)
, which eventually
results in the state
|ψR〉 = |0c〉 [c00 |10〉+ c00 |01〉+ (c10 + c01) |11〉]
+ |1c〉 [c11 |10〉+ c11 |01〉+ (c10 + c01) |00〉] (9)
The corresponding cavity mode intensity is given by
IR = 〈ψR| aˆ†aˆ |ψR〉
= |c10 + c01|2 + 2|c11|2 (10)
Consequently the maximally entangled |ψB〉 =(|10〉+ eiφ(tR) |01〉) /√2 and the fully separable
|ψS〉 = (|0〉+ |1〉)
(|0〉+ eiφ(tR) |1〉) /√2 states pro-
duce cavity intensities
IB = 1 + cos [φ (tR)] (11)
IS = 1 + cos [φ (tR)] /2 (12)
respectively as a function of the readout time tR. The
corresponding visibilities are therefore VB = 1 and VS =
0.5.
Concurrence.— For the two mode system defined by
the state |ψW 〉 the associated density matrix ρˆm =
|ψ〉 〈ψ| reads
ρˆ =

|c00|2 c00c∗01 c00c∗10 c00c∗11
c01c
∗
00 |c01|2 c01c∗10 c01c∗11
c10c
∗
00 c10c
∗
01 |c10|2 c10c∗11
c11c
∗
00 c11c
∗
01 c11c
∗
10 |c11|2
 (13)
The concurrence [46] is defined as C (ρˆm) =
max (0, λ1 − λ2 − λ3 − λ4) where λj are square roots of
the eigenvalues in decreasing order of the non-Hermitian
matrix R = ρˆmρ˜m where
ρ˜m = (σy ⊗ σy) ρˆ∗m (σy ⊗ σy) (14)
is the so-called spin-flipped density matrix. It turns out
that, in the case considered here, only a single eigenvalue
of ρ˜m is nonzero and we obtain
C (ρˆm) = 2 |c10c01 − c00c11| (15)
One can easily check that for example |ψB〉 is character-
ized by C = 1 while |ψS〉 gives C = 0.
More generally assuming that c01 = c10e
iφ, the inten-
sity reduces to I = 2|c10|2 (cosφ− 1) + 2 |c11|2 resulting
in a visibility
V =
|c10|2
|c10|2 + |c11|2
(16)
From this expression it is immediately seen that V = 0
for c10 = 0, V = 1 for c11 = 0. More generally, in
order to have V > 0.5, one needs |c10|2, |c01|2 > |c11|2.
Note however that although the coefficient c00 doesn’t
enter directly the intensity and visibility expressions it
is linked to the other coefficients via the normalization
condition |c00|2 = 1− 2|c10|2 − |c11|2.
In the protocol that we propose, immediately after the
heralding photon has been detected, the vacuum mechan-
ical state has been projected out and we can assume
c00 = 0. Then the visibility, with the help of the normal-
ization relation for the remaining coefficients, is given by
V = |c10|2/(1− |c10|2), and can be directly expressed as
a function of the concurrence C = 2|c10|2 namely
V =
C
2− C (17)
